A number of colored specialty woods, such as ebony, rosewood, mahogany and amboyna, and commercially important woods, such as morus, logwood, Brazilwood, Japanese yellowwood, blackwood, kwila, red beech and myrtle beech, exhibit a wide range of colors from black, violet, dark red, reddish brown, to pale yellow. These colors are not only due to colored pigments contained in extractives from those woods but also to insoluble polymers. Wood and bark from many species of both hardwood and softwood trees contain many types of flavonoid compounds. Research on flavonoids has been conducted mainly from two points of view. The first is chemotaxonomy with flavonoid compounds as taxonomic markers, and the second relates to the utilization of woods for pulp and paper and the use of tannins from bark for wood adhesives. Most chemotaxonomic studies have been conducted on flavonoids in the extracts from softwoods such as Podocarpus, Pinus, Pseudotsuga, Larix, Taxus, Libocedrus, Tsuja, Taxodium, Sequoia, Cedrus, Tsuga, Abies and Picea. Hardwood chemotaxonomic studies include those on Prunus and Eucalyptus species. Studies on flavonoids in pulp and paper production were conducted on Eucalyptus woods in Australia and woods from Douglas fir in the USA and larch in Japan. Flavonoids as tannin resources from black wattle tannin and quebracho tannin have been used commercially as wood adhesives. Flavonoids in the bark from radiata pine and southern pine, from western and eastern hemlock, southern red oak and Quercus dentata are also discussed. In addition, the distribution of flavonoids among tree species is described, as is the first isolation of rare procyanidin glycosides in nature.
Wood is an aggregate of various types of cells, which are formed internally from the cambium in stems, branches and roots of a tree. The cells forming the wood consist of cell walls, most of which have lost living functions. Furthermore, pale colored and a few cm thick sapwood and a dark colored heartwood are seen from bark to pith in the cross section of a stem. Eucalyptus camaldulensis (red river gum), which is an Australian native tree species, shows distinctive dark red heartwood and pale colored sapwood. This is a typical example of the color difference in wood. The sapwood contains still living parenchyma cells, but once the cells die, then heartwood is formed. The heartwood contains a fairly large amount of components (extractives), which are soluble in neutral solvents [1] .
The chemical composition of wood consists of cellulose, hemicellulose and lignin as major components, and of extractives, which are extracted with diethyl ether, acetone, ethanol and neutral solvents like water. Since cellulose, hemicellulose and lignin do not exhibit any distinctive color, the wood color is due to the existence of colored extractives contained in the wood. Furthermore, pale colored extractives in the early stage of wood development become dark colored by oxidation, polymerization and polymerization with wood main components over time, so that they become insoluble polymers in the wood, by which wood color is exhibited.
In Japan, a number of colored speciality woods are popular. For example, ebony (Diospyros spp., Ebanaceae) has dark black heartwood and from off-white to pale yellowish brown sapwood; rosewood (Dalbergia spp., Leguminoceae) has violet heartwood; mahogany (Swietenia macrophylla King, Meliaceae) has from dark red and reddish brown to pale brown heartwood and pale yellow sapwood; and amboyna (Pterocarpus spp. Leguminoceae) (padauk) has heartwood exhibiting a wide range of colors from yellowish brown, orange brown, yellowish to reddish brown and dark red. However, since coloring matters of the other wood species, except ebony and amboyna, are not soluble in water and organic solvents, chemical components of these colored woods have not been studied.
Colored woods and their components
Some of the most important colored woods and their components are described below. a) Ebony Black or dark colored compounds of ebony were originally believed to be due to insoluble tannin-iron compounds. However, since neither heartwood nor sapwood contains tannin, the tannin-iron insoluble theory has been disproved [2] . Since then no further studies on ebony wood have been reported. However, three antimycobacterial and antigonorrhoeal naphthoquinone compounds were recently obtained from ebony bark (Diospyros spp.) and it was speculated that these naphthoquinone compounds may be contained in heartwood and are responsible for its dark or black color [3] . b) Amboyna (padauk, sandal wood) Amboyna (Pterocarpus spp.) wood shows strong durability against microorganisms and has been preserved for 500 years. The wood contains a fairly large amount of extractives compared with fresh wood, in which 4,2´,4´-trihydroxychalcone, 3,5´-dimethoxy-4stilbenol and 7,4´-dihydroxyflavanone were identified by paper chromatography as having preservative effects [4] . Furthermore, heartwood from red sandal (Pterocarpus santalinus L.) grown in India exhibits various colors and red hot water extractives have been used as a natural red dye for silk and wool, and have been used as a traditional medicine (ayurvedic system of medicine) in India for a long time [5] .
Since 1832, at least four formulae were proposed for the red pigment (santalin) [6] , however, it was not until 1912 that it was obtained for the first time in a crystalline form by Cain and Simonsen. The elucidation of the chemical structure for santalin was begun by Robertson and Whalley [7] in 1954. Then, Ravindranath and Seshadri [8] obtained chloroform extractives from red heartwood, which were passed through a polyamide column and separated into two red pigments (santalins A and B, Figure 1 ). The authors reported on these compounds as well as their two methylether derivatives in 1973. In the following year, these authors proposed two chemical structures for the compounds [9] . Independently from Seshadri's group, Amone et al. [10] in 1975 analyzed santalins A and B and their degradation products using NMR and elucidated their chemical structures, both of which are xanthen derivatives.
Before the use of these red extractives as a food color in Japan, the chemical composition of the red pigments was studied by Kinjo et al. [11] . Firstly, reddish orange needles of santalin A were isolated and their chemical structures were elucidated by using FAB-MS, 1 H-1 H COSY, 13 C-1 H COSY, NOESY and HMBC. The chemical structure of santalin B was also confirmed. In addition, yellow needles of crystalline santalin AC were also isolated and identified as a 3-arylcouain derivative [11] . Flavonoid compounds, which were isolated from red sandal wood and identified for the first time by Krishnaveni and Rao, were 6hydroxy-7,2´,4´,5´-tetramethoxyisoflavone, liquiritigenin (7,4´dihydroxyflavanone), isoliquiritigenin (4,2´,4´-trihydroxychalcone) [12a] and a new isoflavone derivative:
. Furthermore, two aurone compounds, 6-hydroxy-5-methyl-3´,4´,5´trimethoxyaurone 4-O-α-L-rhamnopyranoside and 6,4´dihydroxyaurone 4-O-rutinoside, were isolated from the ethanol extract of heartwood by Kesari et al. [13] . The red extracts from various red sandal woods have been used as cloth dyes in Asia and Africa. The chemical compounds in the woods from the typical species; Pterocarpus santalinus, and P. indicus used in Asia and from P. soyauxii, P. erinaceus and Baphia nitida used in Africa were analyzed using HPLC by Surowiec et al. [14] . c) Mahogany Mahogany (Swietenia macrophylla King) heartwood exhibits dark red, reddish brown and pale brown colors, while its sapwood shows a pale yellow color. Because of these colors, mahogany wood has been used extensively for furniture. However, studies on the pigments from the heartwood have hardly been conducted. On the other hand, hot water extractives from mahogany bark show a strong red colour, heal skin cuts and sometimes are used as tannin for tanning skins. From the red bark extractives, (+)-catechin and (-)-epicatechin ( Figure 2 ) were isolated, together with a pale reddish amorphous new compound. The new compound was named swietemacrophyllanin ( Figure 2 ) in which phenylpropanoid was substituted in catechin and it was identified as (2R,3S,7´´R)catechin-8,7´´-7,2´´-epoxy-(methyl 4´´,5´´-dihydroxyphenylpropanoate) [15] .
d) Morus
The yellow coloring matter extracted from morus (Morus tinctoria, Moraceae) heartwood is called "old fustic" and has been used as a natural dyestuff. The major component of the extractives, morin, had been studied for many years, at least since 1863. Its molecular formula C 15 H 10 O 7 was proposed in 1895 by Barlich and Perkin [16] . Then, as a result of chemical syntheses by von Kostanecki et al. [17] in 1906 and Robinson and Venkatraman [18] in 1929, the chemical structure of morin was identified as 3,5,7,2´,4´pentahydroxyflavone. In Japan, morin was isolated from Morus alba heartwood by Suzushino [19] in 1954 and from M. bambycis heartwood by Kondo et al. [20] in 1958. e) Logwood Logwood (Hematoxylon capechianum Linn.), family Leguminosae, is a small tree which is native to Central and South America. Since the 16 th century the wood has been transported to Europe and used as a dyestuff. As a dyestuff for dark violet to black color, blood red colored heartwood of logwood (blood wood in German) had been used. At present, this dyestuff has been replaced with a synthetic dye, but a pigment from the heartwood, called haematoxylin ( Figure  3 ), has been used as a cellular dyestuff in the fields of medical and pharmaceutical research. Perkin and Yates [21] reported that Chevreul first isolated haematoxylin as fine yellow crystals in 1810. The hot-water extract from heartwood of logwood was dried completely. The dried extracts were dissolved in ethanol, which was then removed by evaporation resulting in the crystallization of haematoxylin. However, the chemical structure of haematoxylin was only elucidated almost 100 years later by Perkin and Robinson [22] in 1908 as a kind of chroman compound. This crystal gives a reddish purple color in alkaline solution, changes to yellow in acidic solution and, when left in air, becomes red. In this case, the change to a red color is due to the oxidation of haematoxylin by air and the formation of red colored haematein ( Figure 3 ), which has a kinonmethide structure. A review of extracts by Kahr et al. [23] states that the heartwood of logwood contains both haematoxylin and haematein. Furthermore, Kandil et al. [24] reported that the bark contains quercetin 3-methyl ether and genistein (5,7,4´trihydroxyisoflavone). f) Brazilwood Brazilwood or redwood (Caesalpinia echinata Lam.) had been imported from the East Indies to Europe for dyestuff well before the discovery of the American continent. In approximately 1190, Spanish Kimichi named the dye-wood Bresil or Brasil (from fieryred) and when Spaniards discovered South America in 1500, they named the northern part of Brazil after the dye-wood, which was found there in such immense quantities. The name of the country Brazil is due to this. Brazilwood belongs to the family Leguminosae and is native to the north-east of Brazil. The heartwood is very hard and exhibits a dark red color. Furthermore, when it is freshly cut, the heartwood color is light yellow, but the color rapidly changes to red in contact with air. This red pigment from the heartwood is readily obtainable by hot water extraction and is used as a dyestuff. In 1901, Gilbody et al. [25] reported that the isolation and crystallization of this red pigment was conducted by Chevreul in 1808. Following studies by Bolley in 1864 and Kopp in 1873, Liebermann and Burg in 1876 confirmed the molecular formula C 16 H 14 O 5 . After further studies by Gilbody et al. [25] , Perkin and Robinson in 1908 [22] synthesized brazilinic acid and its related compounds. Finally, Perkin et al. (1928) [26] synthesized the compound, and the chemical structure of the pigment (blazilin, Figure 4 ) was elucidated as a kind of chroman compound. Blazilin forms colorless crystals, but when exposed to light and air, it becomes orange and turns to a dark red in alkaline solutions. This is due to the change from blazilin to a kinonmethide brazilein ( Figure  4 ) by oxidation in air. Pernambuco (Guilandina echinata Spreng. Syn. Caesalpinia echinata Lam.), which is another name for Brazilwood, is reputed to provide the best wood for making the bows for stringed musical instruments. Studies on why it is the best for violins have been carried out in Japan [27] . It was found that the loss tangent (tanδ) of pernambuco was exceptionally low compared with other wood species examined and it was proposed that a low tanδ is a necessary factor for how the material behaves. Furthermore, wood of sitka spruce (Picea sitchensis Carr.) was impregnated with brazilin and prosappanin B, which are contained in the pernambuco heartwood, hematoxylin and catechin from logwood heartwood, and water extractives from pernambuco heartwood and the vibrational property of the impregnated wood was determined. It was found that the loss tangent (tanδ) decreased, particularly in the case of protosappanin B (Figure 4 ). Thus, the best vibrational property of pernambuco wood for violin bows is due to the presence of protosappanin B in the heartwood. g) Japanese yellowwood Japanese yellowwood (Cladrastis platycarpa Makino) is a deciduous tall tree belonging to the family Leguminosae, and grown mainly in the south west of Japan. Since the heartwood is a vivid yellow in color and very durable, it has been used for furniture and railway sleepers in Japan. From the elucidation of wood color and the chemotaxonomical points of view, Imamuma et al. [28] isolated 16 isoflavones and three flavonoid compounds. Although all 16 isoflavones are colorless, the yellow pigments, which are related to the wood color, are bavin, flavone C-diglucoside, vicenin I, and isoliquiritigenin C-glucoside. Considering the color and the content of compounds in the heartwood, it is estimated that isoliquiritigenin C-glucoside, which is a chalcone C-glucoside, is the major compound responsible for the yellow color of the heartwood. h) Blackwood Blackwood (Acacia melanoxylon; Leguminosae) is a tall tree found in Australia. Since the heartwood is dark brown, sometimes reddish in color, in which dark brown stripes appear, it has been used as a high class furniture wood. Melacacidin: 7,8,3´,4´tetrahydoroxyflavan 3,4-diol, which is a leucoanthocyanidin (flavan 3,4-diol), was isolated for the first time from the diethyl ether extract of the heartwood [29] . When melacacidin was heated with mineral acid, it produced a deep scarlet solution similar to that of the anthocyanidin and reddish brown precipitates. Therefore, the color of blackwood heartwood was due to the existence of tannin components, of which melacacidin, as the major component, is polymerized.
i) Kwila
Intsia bijuga (kwila), family Leguminosae, is a deciduous tall tree found in the rain forests of several tropical countries, Since the heartwood is reddish brown in color, high density and highly durable, it has been used for bridges, ships, railway sleepers, furniture and so on, especially in Australia. However, the heartwood from New Guinea contains methanol extractives up to approximately 30%, in which a large amount of robinetin: 3,7,3´,4´,5´-pentahydroxyflavone) followed by dihydromyricetin: 3,5,7,3´,4´,5´-hexahydroxydihydroflavone, naringenin: 5,7,4´trihydroxydihydroflavone and a small amount of myricetin: 5,7,3´,4´,5´-pentahydroxyflavonol) were contained. In addition, since the heartwood contains a large amount of dark brown water soluble materials, which are reactive with formaldehyde, it was speculated to be condensed tannin [30] . Furthermore, pure robinetin crystals have been found as big crystalline aggregates in the tissue cells of the heartwood [31] . j) Red beech and myrtle beech From the pale to reddish brown colored heartwood of red beech (Nothofagus fusca; Fagaceae) grown in New Zealand, taxifolin: 5,7,3´,4´-tetrahydroxydihydroflavonol, catechin: 3,5,7,3´,4´-pentahydroxyflavan, aromadendrin: 5,7,4´-trihydroxydihydroflavonol, quercetin: 5,7,3´,4´-tetrahydroxyflavonol, kaempferol: 5,7,4´trihydroxyflavonol, and nothofagin: 4,2´,4´,6´-tetrahydroxydihydrochalcone C-glycoside were isolated. The residue, which was obtained after these compounds had been isolated, contains a fairly large amount of leucocyanidin, which when boiled in butanolhydrochloric acid solution, gives red colored cyanidin. Therefore, it is speculated that the pale reddish and reddish brown color of the heartwood is derived from the tannin [32] . Myrtle beech (Nothofagus cunninghamii) is native to south eastern Australia. Due to the pale brown to reddish brown color of the heartwood, it is a famous wood for furniture. The color of the heartwood is also speculated to be due to the tannin.
Flavonoid compounds from wood and bark
Wood and bark from many species of both hardwood and softwood trees contain many types of flavonoid compounds. The research on flavonoids has been conducted mainly from two points of view. The first is chemotaxonomy with flavonoid compounds as taxonomic markers, and the second relates to the uses of woods for pulp and paper and tannins from bark for wood adhesives.
a) Flavonoids in chemotaxonomy
Flavonoids in softwood species Erdman [33] studied flavonoid compounds contained in the extracts of softwood heartwoods and suggested that quercetin for Podocarpus, chrysin, dihydrochrysin and pinobanksin for Pinus,、 taxifolin for Pseudotsuga and aromadendrin for Larix could become taxonomically significant compounds for these conifers. Furthermore, Hergert [34] reviewed 12 papers by nine scientists, who had studied flavonoid compounds from wood and bark of conifers since 1954 and attempted to classify Taxus, Podocarpus, Libocedrus, Tsuja, Taxodium, Sequoia, Pseudotsuga, Larix, Cedrus, Tsuga, Abies, Picea and Pinus on the basis of flavanone and flavone compounds. Wood and bark from trees of these genera contain quercetin, myricetin, genistein, podospicatin, dihydroquercetin, aromadendrin, pinobanksin, pinocembrin, dihydromyricetin and robinetin as common compounds. However, wood and bark from the genus Pinus contain, as the specific compounds, pinocembrin, chrysin, pinostrobin, tectochrysin, pinobanksin, galangin, alpinone, izalpinin, cryptostrobin, strobobanksin, aromadendrin, dihydroquercetin, kaempferol, dihydromyricetin, myricetin, pinomyricetin and pinoquercetin. .
Flavonoids in Prunus species
Chemotaxonomic studies on the basis of flavonoid compounds for hardwoods far outnumber those for softwoods. Early studies were conducted by Asahina et al. [35] and Asahina and Inubushi [36] on flavonoid compounds from wood and bark of several Prunus species (Rosaceae) and they isolated sakuranetin and naringenin from the bark and speculated that the distribution of these flavanone compounds might be able to play an important role in the taxonomic classification. Later Considering that naringenin and aromadendrin are universally contained in every Prunus wood species examined, Hasegawa and Hayashi (1991) [39] regarded these compounds as the most basic secondary metabolic products for Prunus species. They analyzed methanol extractives from 13 Prunus tree species using cellulose thin layer chromatography with 5 different solvents. They used 48 authentic flavonoid samples as controls. The results from the reexaminations of flavonoids and related compounds from Prunus spp. were discussed in relation to Prunus species taxonomy, and to the biosynthetic pathways and the evolution of the compounds ( Figure 5 ).
Flavonoids in Eucalyptus species
There are approximately 600 Eucalyptus species, which are mostly native to Australia. Wood anatomy has often been used to classify these species. By the 1950s, chemotaxonomy based on chemical components as a marker for the classification became fashionable and the extractives from Eucalyptus woods were studied. Eucalypts are also known as gum trees because they exude blood red to dark brown colored resinous materials called kino. The study of flavonoids in Australia started with extractives from kino. First of all, aromadendrin and kaempferol were isolated from both Eucalyptus calophylla and E. corymbosa [40] . Furthermore, naringenin and 7-methylaromadendrin were isolated from kino of E. maculata [41] . In India, kinos from eucalypt trees have been used as medicines and leucodelphinidin (5,7,3´,4´,5´-pentahydroxyflavan 3,4-diol) was isolated from kino of E. pilularis [42] . In Australia, (+)-catechin and (+)-afzelechin (3,5,7,4´-tetrahydroxyflavan) were isolated from kino of E. calophylla, and (+)-gallocatechin, (-)epicatechin and (-)-epiafzelechin-like compound were also detected on the chromatogram [43] . In addition, aromadendrin, kaempferol, engelitin, hemiphloin and isohemiphloin, which appear to be 8hexahydroxy-hexyl derivatives of naringenin, were isolated from kino of E. hemiphloia [44] . In order to classify eucalypt species using kino as a marker and to develop a simple quantitative analytical method for the amount of kino in wood, kinos from E. astringens, E. lehmannii, and E. platypus woods were studied. It was found that the kinos contain mainly polymerized leucocyanidin, appreciable amounts of dihydrokaempferol 3-O-rhamnoside (engelitin) and trace amounts of other components [45] .
b)
Flavonoids in pulp and paper production Eucalyptus woods in Australia In the late 1960s, Japanese pulp and paper companies commenced the import of eucalypt woodchips from Australia. However, since extractives from the eucalypt woodchips blocked pipes, made it more difficult to recover black liquor and inhibited effective pulping, it was urgently required to analyze them. Hillis (1972) [46] classified the extractives largely into ellagic acid, methylellagic acids, methylellagic acid glycosides, gallic acid, flavan, stilbenes and unknown compounds. He also analyzed methanol extractives from 68 eucalypt species by two-dimensional paper chromatography with BAW and 6% acetic acid. When the vanillin-HCl reagent was sprayed on the 2-dimensional chromatograms, pink-colored spots were detected on the chromatograms for 41 HCl. Therefore, the color of the heartwoods was speculated to be due to condensed tannins [46] . In further work by Hillis [47] , the ellagic acid and ellagitannin rich extractives from eucalypt wood, kino and lignin (a wood component) were dissolved in kraft pulping liquors (19.35ｇ ｇ NaOH, 6.3 Na 2 S, 350 mL water) at 0.05% concentration, heated to 100°C for 2 hours and the color of the solutions was examined. As a result, kino, the extractives and lignin gave dark black, dark brown and dark yellow colors, respectively. This revealed that kino and the extractives contributed most of the color of the pulp.
Woods from Douglas fir in USA and larch in Japan
In 1948, dihydroquercetin was first isolated by Pew [48] from Douglas fir heartwood in the USA. This compound was known to inhibit sulfite pulping of this wood. During sulfite cooking of wood, dihydroquercetin reacts with bisulfite to generate thiosulfate and quercetin, which causes coloring of the pulp [49] . In Japan, it was found [50] that dihydroquercetin in larch heartwood made sulfite pulping more difficult and also caused the yellow color of the pulp. Since woodchips for pulp production very often contain bark, which contains a large amount of tannin, it is important as far as possible to avoid the inclusion of bark in the wood chips. c) Flavonoids as tannin resources Tannins are water soluble polyphenols having molecular masses from 500 to 3,000 and are able to precipitate alkaloids and proteins. Particularly, a large amount of condensed tannins based on flavan3ols is contained in wood and bark of both softwood and hardwood. Important and well known tannin resources in the 1960 included [51] , black wattle bark (Acacia mearnsii: Leguminosae), cutch heartwood (Acacia catechu: Leguminosae), from which catechin is named, and false acacia bark (Robinia pseudacacia: Leguminosae), quebracho heartwood (Schinopsis balansae, S. lorentzii: Anacardiaceae) and mangrove bark (Rhizophora candelaria, R. mangle: Rhizophoraceae). Furthermore, up to 50% yields of condensed tannins were obtained from the barks of European chestnut (Castanea sativa: Fagaceae), English oak (Quercus robur: Fagaceae), German spruce (Picea abies: Pinaceae), Scotch pine (Pinus silvestris: Pinaceae), European larch (Larix decidua: Pinaceae) and Eucalyptus species (E. astringens: Myrtaceae). Condensed tannins are complicated polymers, whose structure was first proposed in 1920 by Freudenberg [52] in his "Catechin theory" in which the catechin was suggested as a colorless precursor of the condensed tannins. However, in the 1970s, catechin-like compounds such as flavan 3-ols, flavan 3,4-diols (leucoanthocyanidins) and flavanoid dimers were recognized as precursors for natural condensed tannins [53] . Since flavan 3,4-diols and flavanoid dimers, when heated with HCl solution, generate anthocyanidins, these compounds are called proanthocyanidins [54] .
Black wattle bark and quebracho wood
Black wattle (Acacia mearnsii) is an Australian native hardwood tree and is also grown on plantations in South Africa and Brazil. Wattle tannin, which is a hot water extract from black wattle bark, contains a large amount of flavan 3-ol polymers as flavonoid compounds. In the comprehensive research reported by Roux et al.
(-)-robinetinidol, (+)-catechin and (+)-gallocatechin [55] , as well as (-)-fisetinidol, fusutin, dihydrorobinetin, butin, butein, robtein, (+)leucorobinetinidin, leucofisetinidin, myricitrin and quercitrin were isolated as monomers from wattle tannin [56] . In addition, the chemical structures of dimers were elucidated as (-)-robinetinidol-(4α-8)-(+)-gallocatechin, (-)-robinetinidol-(4α-8)-(+)-catechin, (-)fisetinidol-(4α-8)-(+)-catechin and (-)-fisetinidol-(4β-8)-(+)catechin [57] ; while those of trimers were elucidated as (-)robinetinidol-(4α-8´´)-(-)-robinetinidol-(4´α-6´´)-(+)-gallocatechin and (-)-robinetinidol-(4α-8´´)-(-)-robinetinidol-(4´α-6´´)-(+)catechin [58] . The tannin extracted by hot water from Argentinian quebracho heartwood (Schinopsis balansae、 S. quebrachoocolorado: Anacardiaceae) has similar chemical structures and properties as wattle tannin. Components isolated from the quebracho tannin included (±)-fustin, (±)-7,3´,4´-trihydroxyflavan 3,4-diol, (+)-catechin and fisetin [59] .
Flavonoids in the bark of Radiata pine and Southern pine
Radiata pine (Pinus radiata) is native to North America, and also grows vigorously in the southern hemisphere, so that its plantations have been established in Australia, New Zealand, Chile and elsewhere. It was reported that the bark of radiata pine contained a large amount of condensed tannins, whose basic structure was of the procyanidin type [60] . The extracts obtained from successive extraction [61] of the bark with ethyl acetate, acetone and methanol contained a large amount (up to 20%) of high molecular weight (25,000-35,000) condensed tannins of the procyanidin, and prodelphinidin type. In addition, dihydroquercetin was isolated from the extracts, in which small amounts of quercetin, myricetin, catechin and dihydroquercetin glycoside were also contained and the existence of gallocatechin was suggested. Yazaki and Hillis [62] divided the bark into inner and outer bark, generated hot water extracts from both and analyzed their flavonoid compounds. As a result, the hot water extract from the inner bark contained mostly catechin and procyanidins B-1 (epicatechin-(4β-8)-catechin) and B-3 (catechin-(4α-8)-catechin), while the extract from the outer bark contained catechin, procyanidins B-1, B-3, and C-2 (catechin-(4α-8)-catechin-(4α-8)-catechin) and further polymerized procyanidin polymer. Moreover, gel filtration revealed that a much larger amount of higher molecular weight polymer is present in the outermost bark than in the other bark layers. Other flavonoid compounds such as dihydroquercetin, quercetin and a small amount of myricetin were also detected in the outer bark extract. The osmotic pressure method revealed that the molecular weight of procyanidin polymer was 8,400. The hot water extract from the outer bark consisted of 75% procyanidin polymer and 25% oligomer.
Southern pine refers to a group of pine species that are native to the southern United States. The species include loblolly, shortleaf, longleaf and slash pines, which are large forest resources in the southern United States. From the 70% acetone extract of the inner bark of loblolly pine (Pinus taeda), four procyanidin trimers were isolated by Hemingway et al. [63] and their chemical structures were elucidated as epicatechin-(4β-8)epicatechin-(4β-8)-epicatechin, epicatechin-(4β-6)-epicatechin-(4β-8)-catechin, epicatechin-(4β-8)-epicatechin-(4β-6)-catechin and epicatechin-(4β-8)-epicatechin-(4β-8)-epicatechin. Further work by Hemingway et al. [64] gave an average yield of the 70% acetone extract from loblolly pine inner bark as 36% of the weight of the dried inner bark. However, the ethyl acetate soluble portion of the extract was only 21% and three procyanidin dimers; B-1 (0.076%), B-3 (0.021%), and B-7 (0.034%) were isolated with a total yield of only 0.12% of the weight of the dried inner bark. 1 
Flavonoids from western and eastern hemlock bark
Western hemlock (Tsuga heterophylla) and eastern hemlock (Tsuga canadensis) are native to North America. The bark from these tree species has been used as a source of tannin materials and these have been studied comprehensively by Hergert [65] . Hot water extract from the bark of western hemlock contained catechin, epicatechin, a small amount of gallocatechin, epigallocatechin, afzelechin, epiafzelechin, and procyanidin dimers; B-1 (epicatechin-(4β-8)catechin), B-2 (epicatechin-(4β-8)-epicatechin), B-3 (catechin-(4α-8)-catechin), and B-4 (catechin-(4α-8)-epicatechin). He also reported that hot water extract from the bark of Sitka spruce (Picea sitchensis) contained the flavonoid compounds quercetin 3´-Oglucoside, taxifolin glycoside, catechin, gallocatechin and procyanidin dimers B-1 and B-3. Furthermore, the inner bark of eastern hemlock was found to contain similar flavonoid compounds to those of western hemlock, specifically catechin, epicatechin and procyanidin dimers B-1~4, in which B-2 (epicatechin-(4β-8)epicatechin) and B-4 (catechin-(4α-8)-epicatechin) were most abundant.
Flavonoids from southern red oak and Quercus dentata bark Southern red oak (Quercus falcata: Fagaceae) is the most important hardwood resource for the pulp and paper industry in the southern United States. Its bark yields [66] (+)-catechin, quercetin 3rhamnoside, procyanidin, epicatechin-(4β-8)-catechin, catechin-(4α-8)-catechin, (+)-7,3´,4´-trihydroxyflavan 3,4-diol and epicatechin 3gallate-(4β-8)-catechin, as well as procyanidin-based tannin components. In China, Quercus dentata is one of the tree species which provide tannin materials for the leather industry. Sun et al. In Japan, Q. miyagii is an ever-green tree reaching a height of 20 m and a diameter of 1 m and is endemic to the Ryukyu Islands of Japan. The wood has been used as a building material for Shuri Castle in Okinawa. Ishimaru et al. [69] used 85% acetone to extract the bark and isolated catechin 3-O-rhamnoside, catechin 3-Oglucoside, procyanidins; B-1 (epicatechin-(4β-8)-catechin), B-3 (catechin-(4α-8)-catechin), B-6 (catechin-(4α-6)-catechin), B-7 (epicatechin-(4β-6)-catechin), the two rhamnose-substituted B-3 dimers: catechin-(4α-8)-catechin 3-O-rhamnoside and 3-Orhamnosyl-catechin-(4α-8)-catechin, as well as the trimer epicatechin-(4β-8)-catechin-(4α-8)-catechin. This is the first paper reporting the isolation of dimeric procyanidin glycosides having the sugar molecule on the flavan C-ring ( Figure 6 ). Blackjack oak (Quercus marilandica), which grows in the southeastern United States, has not been commercially used, because the mature tree is too small in size and its wood not of sufficient quality. However, since its heartwood gives a dark brown-purple color and the bark contains a large amount of phenolic extractives, chemical analyses of the extractives were conducted [70] . The 50% acetone extract yielded 
Further reading
More detailed information on flavonoid compounds from wood and bark can be obtained from the books "Chemistry of Flavonoid Compounds" edited by Geissman (1962) [71] , "Wood Extractives and their Significance to the Pulp and Paper Industries" edited by Hillis (1962) [72] and "Chemistry and Significance of Condensed Tannins" edited by Hemingway and Karchesy (1989) [73] .
In addition, Wood Extractives and Wood Utilization Study Group of the Japan Wood Research Society published a book entitled "Face of Tree -Use and Utilization of Tree Extractives" edited by Nakatsubo [74] . This book compiles comprehensive references from Chemical Abstracts for the period from 1991 to 1998 concerning wood extractives predominantly from Japanese trees covering 180 tree species in 50 families.
